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In many non-mammalian vertebrates, adult dentitions result from cyclical rounds of tooth regeneration
wherein simple unicuspid teeth are replaced by more complex forms. Therefore and by contrast to
mammalian models, the numerical majority of vertebrate teeth develop shape during the process of
replacement. Here, we exploit the dental diversity of Lake Malawi cichlid ﬁshes to ask how vertebrates
generally replace their dentition and in turn how this process acts to inﬂuence resulting tooth morpho-
logies. First, we used immunohistochemistry to chart organogenesis of continually replacing cichlid
teeth and discovered an epithelial down-growth that initiates the replacement cycle via a labial
proliferation bias. Next, we identiﬁed sets of co-expressed genes from common pathways active during
de novo, lifelong tooth replacement and tooth morphogenesis. Of note, we found two distinct epithelial
cell populations, expressing markers of dental competence and cell potency, which may be responsible
for tooth regeneration. Related gene sets were simultaneously active in putative signaling centers
associated with the differentiation of replacement teeth with complex shapes. Finally, we manipulated
targeted pathways (BMP, FGF, Hh, Notch, Wnt/b-catenin) in vivo with small molecules and demon-
strated dose-dependent effects on both tooth replacement and tooth shape. Our data suggest that the
processes of tooth regeneration and tooth shape morphogenesis are integrated via a common set of
molecular signals. This linkage has subsequently been lost or decoupled in mammalian dentitions
where complex tooth shapes develop in ﬁrst generation dentitions that lack the capacity for lifelong
replacement. Our dissection of the molecular mechanics of vertebrate tooth replacement coupled
to complex shape pinpoints aspects of odontogenesis that might be re-evolved in the lab to solve
problems in regenerative dentistry.
& 2013 Elsevier Inc. All rights reserved.Introduction
Vertebrate animals differ in their capacity to renew and
regenerate body parts. Various lineages have retained or evolved
the ability to regenerate nervous systems (Kizil et al., 2011;
Kroehne et al., 2011), limbs (Kragl et al., 2009; Nacu and
Tanaka, 2011), ﬁns (Jaz´win´ska et al., 2007; Singh et al., 2012)
and tails (Echeverri and Tanaka, 2002; Lin and Slack, 2008),
internal organs like the heart (Wang et al., 2011), as well as
iterative elements like hairs, scales, taste buds and teeth (Chang
et al., 2009; Harada et al., 1999; Plikus et al., 2011, 2008; Wang
et al., 2007). Developmental biologists are captivated by regen-
eration because the process may recycle well-known mechanisms
of embryonic patterning and likely involves the deployment of
stem cells in post-embryonic tissues. Precisely because humans
(and more generally mammals) lose regenerative capacity withll rights reserved.
u (J.T. Streelman).
lant Sciences, University of
ted equally to the work.age, keen biomedical interest revolves around natural instances
of regeneration and renewal from stem cells as exemplars for
cellular reprogramming (Christen et al., 2010).
In many examples of animal regeneration, the trigger or
impetus is external and unpredictable. A lizard can re-grow a tail
after escaping a predator; such an interaction may be probable,
but not necessary over an individual’s lifetime. By contrast,
predictable programs characterize other cases of regeneration,
like the shedding of hair, teeth, scales and feathers. For instance,
adult cichlid ﬁshes replace each tooth in the oral jaw approxi-
mately every 30–100 days (Tuisku and Hildebrand, 1994). When
programmed regeneration is coupled with the functional require-
ment to maintain a particular organization of elements (feathers
for ﬂight, scales for swimming, teeth for mastication), the devel-
opmental phenomena of patterning, morphogenesis and renewal,
often studied independently, must be deeply integrated across
space and time. In most systems, biologists do not understand
how this integration is achieved.
Vertebrate dentitions represent a seemingly apposite system
in which to decipher how individual organs (teeth) develop
complex shapes and inter-unit patterns, while simultaneously
exhibiting programmed regeneration. Many vertebrates possess
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pharyngeal region that are continuously replaced throughout life.
In ray-ﬁnned ﬁshes, dipnoans and urodeles, ﬁrst generation
teeth are small and simple unicuspids lacking blood vessels
and nerves; therefore the numerical majority of vertebrate teeth
develop shape and increased complexity (e.g., size, curvature,
cusps) through replacement (Sire et al., 2002). Teeth likely arose
in jawless vertebrates more than half a billion years ago (Fraser
et al., 2009; Smith, 2003; Smith and Coates, 1998, 2000)—there is
thus a long evolutionary record and broad phylogenetic distribu-
tion to bolster our understanding of how patterned dentitions are
likewise regenerated.
The fact that we know very little about the coupled patterning,
morphogenesis and regeneration of vertebrate dentitions can be
partly explained by the peculiar biology of teeth in the mouse
model. The mouse dentition is comprised of one incisor and three
molars, in a single row, on each left and right quadrant of the
upper and lower jaws. Incisors are separated in space from molars
by a toothless diastema, and the early patterning of the incisor
and molar domains is well understood (Tucker and Sharpe, 2004).
Molars develop complex three-dimensional shape while incisors
generally do not (Jernvall et al., 2000). Incisors exhibit self-
renewal via continuous deposition of enamel on the labial surface,
supported by a stem cell niche biased to the labial cervical loop
(Harada et al., 1999; Wang et al., 2007); molars lack this potential.
Thus, mouse molars are models of complex morphogenesis.
Classic studies have demonstrated how molars develop under
the inﬂuence of well-known signaling pathways (e.g., BMP, FGF,
Hh, Wnt and Eda) and downstream transcription factors (i.e., Pitx,
Pax, Dlx, Barx, Msx) (A˚berg et al., 1997; Bei and Maas, 1998; Chen
et al., 1996; Dassule et al., 2000; Jernvall et al., 1994; Peters et al.,
1998; Sarkar and Sharpe, 1999; Sharpe, 1995; Thesleff and
Sharpe, 1997). Recent reports point to genes that may couple
these developmental pathways in the molar ﬁeld (Ahn et al.,
2010; Cho et al., 2011). By contrast, incisors are models of stem-
based continuous growth, with context-dependent function of
common pathways (BMP, FGF, Wnt) as well as novel roles for
additional factors (Notch (Felszeghy et al., 2010); Follistatin
(Wang et al., 2007)). Notably, neither molars nor incisors are
replaced over mouse ontogeny.
Because mice do not replace their teeth, a set of new models
for dental regeneration has emerged. This includes the shrew
(Ja¨rvinen et al., 2008), ferret (Ja¨rvinen et al., 2009), zebraﬁsh
(Huysseune, 2006) and a cadre of reptiles (Handrigan et al., 2010).
Taken together, studies suggest that tooth replacement requires
(i) an epithelial connection between the functional tooth and its
successor, known as successional lamina (SL), which is borne from
(ii) putative dental/epithelial stem cells capable of forming a
replacement tooth de novo. One limitation of these new replace-
ment models is that the dentitions in question are relatively
simple: few teeth total, often in a single row, with each tooth
generally conical or spatulate in shape.
In this report, we ask how complex dentitions are shaped as
they are replaced, using cichlid ﬁshes from Lake Malawi, East
Africa. The main advantage of this system is the sheer dental
diversity among closely related species (Fraser et al., 2008;
Streelman et al., 2003). Most cichlids endemic to Lake Malawi
have evolved from a common ancestor in the last 500,000 years;
their genomes are highly similar (e.g., less nucleotide diversity
than observed in lab strains of zebraﬁsh) and species share
genetic polymorphism (Loh et al., 2008). Against this backdrop
of genomic similarity, dental patterns and shapes vary consider-
ably. For example, Cynotilapia afra, a rock-dwelling planktivore,
possesses a small number of large, widely spaced, conical teeth in
2–3 rows while species of the algal-brushing rock-dweller genus
Petrotilapia exhibit hundreds of small, tightly packed tricuspidteeth in 10–15 rows. The particular tooth pattern, that is the size
and spacing of teeth as well as the extent of the tooth ﬁeld in the
jaw, is set with the initiation of the ﬁrst generation dentition,
prior to the development of tooth shapes (Fraser et al., 2008).
As in other cichlids, these ﬁrst generation teeth are small
conical unicuspids and are not innervated (Huysseune and Sire,
1997). Complex shape and innervation are thus the phenomen-
ological consequence of tooth replacement in cichlids, with adult
shapes developing during multiple, early rounds of replacement
(Streelman et al., 2003) into patterns set during initiation (Fraser
et al., 2008).
We used a combination of immunohistochemistry and in situ
hybridization, at multiple stages of development, to identify cell
populations, putative signaling centers and molecular pathways
involved in cichlid tooth replacement and morphogenesis. Armed
with this information, we employed a set of small molecules to
manipulate these pathways in vivo, documenting effects of
treatment on both shape and replacement. The key ﬁnding from
this study is that the processes of tooth morphogenesis and
replacement are linked by common pathways that likely control
the balance between growth, proliferation and differentiation
as cusps form on tooth tips and as new dental organs initiate
development from their predecessors. We suggest that this coup-
ling of morphogenesis and lifelong regeneration is the ancestral
vertebrate condition, largely lost or decoupled in the mammalian
dentition. Our integrative understanding of continuous tooth
replacement from nature may pinpoint features of the process
to be re-evolved by bioengineers.Materials and methods
Fish husbandry
Species of Lake Malawi cichlids used in this analysis include:
Aulonocara jacobfreibergi [AJ], Cynotilapia afra [CA], Labeotro-
pheus fuelleborni [LF], Mchenga conophoros [MC], Metriaclima
zebra [MZ], Petrotilapia chitimba [PC] Petrotilapia tridentiger [PT]
and Pseudotropheus lombardoi (PL). These species were chosen to
represent diversity in feeding behavior, adult tooth shape and
ontogeny of tooth replacement (Table S1). Adult cichlids were
maintained in re-circulating aquarium systems at 28 1C (GIT).
Fertilized embryos were removed from the mouths of brooding
females and staged in days post-fertilization (dpf) according to a
developmental series from the Nile Tilapia (Fujimura and Okada,
2007). Embryos/fry were raised to desired stages for chemical
treatment or anesthetized with MS-222 for ﬁxation in 4% paraf-
ormaldehyde followed by dehydration into MeOH.Immunohistochemistry
Embryos were ﬁxed in 10% NBF for 24 h, dehydrated through
ethanol, cleared with butanol and embedded in parafﬁn. Embryos
were sectioned at 10 mm and H&E stained using a Leica Auto-
stainer XL. For proliferation assays, cichlid fry undergoing active
dental replacement were incubated in 5-Bromo-2-deoxy-uridine
(BrdU) for periods of 6–8 h for nucleic acid incorporation. Fry
were immediately anesthetized (MS-222), ﬁxed, and parafﬁn
sectioned at 10 mm. We then applied the 5-Bromo-2-deoxy-
uridine Labeling and Detection Kit II (Roche) according to man-
ufacturer’s speciﬁcations (secondary antibody conjugated with AP
activated NBT/BCIP, Roche). Similarly, PCNA staining was carried
out on parafﬁn sections of wild type embryos according to
manufacturer instructions (PCNA staining kit, Invitrogen), with
DAB color reaction.
G.J. Fraser et al. / Developmental Biology 377 (2013) 399–414 401In situ hybridization
Digoxigenin-labeled antisense riboprobes were prepared using
partial cichlid genome assemblies (Loh et al., 2008) as well as
recently assembled tilapia and MZ genomes (https://www.broad
institute.org/ftp/pub/assemblies/ﬁsh). DNA sequence diversity
across the Lake Malawi assemblage is 0.28%; less than reported
values for laboratory strains of zebraﬁsh. cDNA sequences for
probe design have been deposited in GenBank (accession num-
bers KC633829—KC633848). ISH was performed according to
previously published protocols (Fraser et al., 2008, 2009).
Embryos were re-hydrated from MeOH and ISH was carried out
in whole-mount. Digoxigenin-labeled antisense riboprobes were
generated using the Riboprobe System Sp6/T7 kit (Promega). AP-
conjugated anti-dig antibodies were visualized at the end of color
reaction (NBT/BCIP; Roche) using light microscopy. Embryos were
embedded in chick albumin cross-ﬁxed with 2.5% gluteraldehyde
and post-ﬁxed with 4% PFA. A Leica Microsystems VT1000
vibratome was used to cut sections at 15–25 mm. Histological
sections were then mounted with glycerin and imaged at 10–
63 using a Leica DM2500 compound microscope.
Treatment with small molecules
Stock solutions were prepared for each chemical treatment
experiment using Dimethyl Sulfoxide (DMSO, MP Biomedicals)
or water as a solvent. Stock solutions were as follows: 5 mM
Cyclopamine (LC Laboratories) in DMSO, 10 mm DAPT (Tocris) in
DMSO, 10 mm Dorsomorphin (Sigma-Alrich) in DMSO, 5 mM LiCl
(Alexis Biochem) in H2O, and 50 mm SU5402 (see acknowledg-
ments) in DMSO. Cichlids were raised to appropriate stages
for treatment and embryos from single broods were split into
small molecule and solvent control groups. All treatments were
designed to evaluate perturbations to complete, fully shaped
adult ﬁrst-row dentitions; because species differ in the number
of replacement generations (and hence time) until adult ﬁrst-row
tooth shape is established (Table S1), the onset of treatment
varied by species accordingly (e.g., as early as 40 dpf in LF).
Treatment doses varied across chemicals to produce dental
phenotypes without gross anodontia or fatality. All chemical
and control experiments were performed in Erlenmeyer ﬂasks
at 28 1C in an oscillating platform culture incubator (Barnstead
Lab-Line Max 4000). After treatment, fry were washed extensively
with fresh ﬁsh water and raised for 14 days prior to sacriﬁce,
ﬁxation, clearing and staining.
Clearing and staining
Fry previously ﬁxed in PFA were washed with DEPC-H2O for
thirty minutes. Specimens were then placed into a 1% trypsin
solution for one hour. After protein digest, calciﬁed tissues were
stained using Alizarin red S solution (1 g/50 mL KOH). Staining
averaged 30 min, with larger specimen requiring a longer stain
time. Once the tips of the pelvic ﬁns stained red, fry were moved to
a 2% KOH solution for a period of 24 h. Cleared and stained ﬁshes
were then graded into 100% glycerin, with thymol as a biocide.Results
One-for-one replacement of cichlid teeth
We explored the histological events surrounding cichlid
tooth replacement using both standard staining methods (i.e.,
hemotoxalin and eosin), as well as antibodies to proliferating
cell nuclear antigen (PCNA) and incorporated bromodeoxyuridine(5-bromo-20-deoxyuridine, BrdU). We present data for the oral
dentition only, but general observations hold for oral and phar-
yngeal jaws, both of which house teeth in cichlids (Fraser et al.,
2009). Throughout, we divide our description into three stages of
replacement tooth development: (1) initiation, (2) cellular differ-
entiation, and (3) secretion.
Cichlids exhibit intramedullary (inside the jawbone; i.e., intra-
osseous (Trapani, 2001)) replacement, similar to humans but
distinct from other animals like reptiles (Handrigan et al., 2010),
zebraﬁsh (Danio rerio) (Huysseune, 2006) and rainbow trout
(Oncorhynchus mykiss) (Fraser et al., 2006) where replacement
germs develop in an extramedullary location. Cichlids replace
teeth in one-for-one fashion like some other bony ﬁshes (Bemis
et al., 2005; Fraser et al., 2006; Kerr, 1960; Motta, 1984); each
functional tooth serves as a placeholder, as well as a supply of
epithelial cells, for subsequent replacement by a single successor
tooth—a process repeated over ontogeny. This is different from
the many-for-one replacement system as observed in sharks
(Fraser and Smith, 2011; Smith et al., 2009), and pufferﬁsh
(Fraser et al., 2012), where many replacements form in advance
of function for each tooth family.
Labial epithelial cells associated with developing ﬁrst genera-
tion teeth form each successional lamina (SL, Fig. 1A–C), and
together with contributions from labial oral epithelium, initiate
the continued supply of tooth replacements. Using BrdU and
PCNA, we found that the primary stage of SL invagination is
marked by high rates of proliferation (Fig. 1B, C). When the
lamina extends further below the existing primary tooth, prolif-
eration continues and the lamina interacts with the receptive
neural crest-derived mesenchyme to begin the process of repla-
cement tooth organ development.
As the epithelial SL interacts with the underlying mesench-
yme, the bone surrounding and attached to the predecessor tooth
begins to remodel and encases the newly initiated replacement
organ (Fig. 1D–F) in a crypt that will house it throughout
maturation. We observe that the oral epithelium and SL remain
connected to the developing replacement tooth by a thin epithe-
lial stream of cells, until eruption of the replacement (Fig. 1D–I).
The bone forms around this ‘connector’ cell stream (the guberna-
cular cord (Avery and Steele, 2000)) leaving small pores called
gubernacular canals, observed across vertebrates from ﬁshes
to humans (Avery and Steele, 2000; Huysseune, 2000). The SL,
through the gubernacular canal, maintains a link to oral epithelia
and continuity between the extramedullary epithelium and the
intramedullary (crypt) mesenchyme.
The replacement tooth germ transitions to stages of cellular
differentiation as the mesenchyme condenses into the dental
papilla (Fig. 1D, F). The epithelium contorts into a dental bud,
followed by an inward folding of the epithelium to form the cap
stage tooth—the ﬁrst stage of the tooth-shaping process. This
epithelial folding leads to the formation of three cell layers: the
inner dental epithelium (IDE), outer dental epithelium (ODE)
(Fraser et al., 2008), and an intermediate layer of cells between
the IDE and ODE (Fig. S1), putatively analogous to the stellate
reticulum of mammalian teeth (Huysseune and Thesleff, 2004;
Wang et al., 2007). Epithelial and mesenchymal cells differentiate
at the cap to bell transition and form enameloid-secreting
ameloblasts from the IDE and dentine-secreting odontoblasts
from the dental papilla. As the replacement tooth transitions
from bud to cap and from cap to bell stages, we note three main
sites of cell proliferation: at the tip of the developing replacement
tooth, and in both cervical loops. These areas have similarly been
identiﬁed in the gecko as regions of proliferation for hard tissue-
secreting (enameloid and dentin) cells (Handrigan et al., 2010).
During terminal stages of cichlid replacement tooth develop-
ment, the ameloblasts and odontoblasts secrete their respective
Fig. 1. Dynamics of shape and (self-) renewal in mouse and cichlid dentitions. In the mouse, the processes of self-renewal in incisors (M1) and complex shape
morphogenesis in molars (M2) are decoupled in space and time. By contrast, cichlid replacement teeth form complex shapes as they regenerate (C1–C3). Cichlid tooth
replacement can be broken into three stages: initiation (A–C), cellular differentiation (D–F) and secretion (G–I). We illustrate these stages by H&E histology (A, D, G); BrdU
(B, E, H) and PCNA (C, F, I) immunohistochemistry. First generation teeth are outlined in green and replacement dental epithelium in red. These are parafﬁn sections in
sagittal plane at 10 mm thickness, imaged at 63 magniﬁcation. (A, D, G)—Metriaclima zebra; (B, C, E, F, H, I)—Labeotropheus fuelleborni.
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columnar cells and the bony crypt is remodeled to accommodate
the growing tooth. As the eruption process initiates, we ﬁnd that
the lamina stream (gubernacular cord) that connects the oral
epithelium with the successional tooth begins to break down
(Fig. 1G–I). BrdU and PCNA analyses during hard tissue secretion
highlight a slight labial bias in proliferation at the cervical loops,
presumably giving rise to additional enameloid-secreting cells on
the labial surface of the tooth (Fig. 1E, F, I). This asymmetry
provides evidence of spatial differences in hard tissue deposition
during the formation of cichlid replacement teeth.
Gene co-expression domains direct de novo tooth replacement
Cichlid one-for-one tooth replacement is initiated as an
epithelial invagination, labial to the predecessor tooth (Fig. 1).
We sought to understand the molecular pathways that might
guide this process. Because little is known about tooth replace-
ment in vertebrates, we focused on pathways involved in the
patterning and regeneration of hairs and feathers, as well as the
development of mouse molars and incisors. A priori, de novo tooth
replacement must combine factors providing dental competence
to the epithelium and associated mesenchyme, coupled with
signals of cell potency.
pitx2 is one of the earliest markers of dental-competent
epithelium (Fraser et al., 2008). Consistent with expectation,
pitx2 expression is observed within the extended SL, throughout
the epithelial downgrowth (Fig. 2A). The reciprocal neural
crest-derived ectomesenchyme condenses and expresses a set of
genes, including transcription factors such as runx2 (Fig. 2B),
and signaling molecules from the Wnt and FGF pathways (e.g.,wnt10a, fgf10, Fig. 2C, D). Genes of the BMP pathway are also
recruited to the replacement tooth. The invaginating SL expresses
bmp4 (Fig. 2E) and bmp2 (not shown, see Fig. 3A), as does the
reciprocal condensing ectomesenchyme; this expression is main-
tained throughout the process of lamina extension and prolifera-
tion. We note a second mesenchymal domain of bmp4 expression,
labial to the ﬁrst generation tooth and the SL downgrowth
(blue arrowhead in Fig. 2E). The two BMP domains are separated
in space by cells expressing osr2, a transcription factor that
represses BMP expression in mouse dental mesenchyme (Zhang
et al., 2009) (Fig. 2F). Osr2-null mice exhibit expansion of lingual
BMP expression and ultimately form lingual supernumerary
teeth. It is possible that osr2 acts similarly here, to properly
position the ﬁrst cycle of dental replacement through restriction
of odontogenic BMP.
BMPs interact with the Hedgehog (Hh) pathway during the
patterning of many organ systems, including teeth (Handrigan
et al., 2010; Zhang et al., 2000); we thus examined expression of
Hh ligands and receptors in the cichlid replacement program.
Hedgehog is essential for tooth development in the mouse
(Cobourne et al., 2004; Cobourne and Sharpe, 2004; Dassule
et al., 2000), initiates the ﬁrst generation dentition in cichlids
(Fraser et al., 2008), but does not play a role in the initiation of the
replacement dentition in the trout (Fraser et al., 2006), nor in
squamates (Handrigan and Richman, 2010). Here, we did not
observe activity of the extracellular ligand shh or its receptor ptc1
(Fig. 2G, H) until later replacement tooth morphogenesis (Figs. 3, 5).
Molecules from the Iroquois homeobox family have been docu-
mented in mouse tooth development (Ferguson et al., 2001),
but their roles in the process are not understood. irx1b is known
to respond to Wnt signals and restrict shh in the embryonic
Fig. 2. Replacement teeth recruit markers of dental competence and cell potency. The epithelial successional lamina (SL) expresses dental-commissioning pitx2 (A) in close
proximity to condensing mesenchyme marked by runx2 (B), wnt10a (C), and fgf10 (D). bmp4 is active throughout epithelium and mesenchyme of the replacement tooth
(E) and in a second region of labial mesenchyme (blue arrowhead) separated from the tooth germ by cells expressing the BMP inhibitor osr2 (F). shh (G) is not expressed in
the invaginating SL, but is active in the oral epithelium both lingual to the replacement tooth (presumed dental lamina for lingual rows) and oral epithelium labial to the
replacement germ (black arrows). ptc1 expression (H) is observed in the mesenchyme subjacent to shh-expressing oral epithelium. irx1b, a putative regulator of Hh signal,
is expressed in the aboral-most region of the [Hh-negative] invagination (I). The invaginating SL contains an intermediate layer, between inner and outer dental epithelium
(see Fig. S1), expressing jag2 (J), notch1 (K), and sox2 (L). jag2 and sox2 are also expressed in a continuous ribbon of epithelium labial to the replacement organ (arrows).
First generation teeth are outlined in green and replacement dental epithelium in red. These are vibratome sections in sagittal plane at 15 mm thickness, imaged at 63
magniﬁcation. Labial is oriented to the left and oral toward the top of the page. Fishes used in this panel are 15 dpf. (A, B, D, E, F, G, H, K, J, L)—Metriaclima zebra,
(C)—Labeotropheus fuelleborni, (I)—Aulonocara jacobfreibergi.
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et al., 2010). Here, we observe irx1b expression in the aboral-most
epithelium of the extending SL (Fig. 2I), in close proximity to
wnt10a (Fig. 2C). A putative function for irx1b in replacement
tooth initiation is thus the regulation of Hh signal in the early SL
downgrowth.
Although shh and ptc1 expression are absent from the early
replacement SL, they are nonetheless active in regions relevant to
tooth development (Fig. 2G, H). The epithelium lingual to the outer
row of erupted teeth strongly expresses shh, and as expected, the
underlying mesenchyme maintains strong expression of the recep-
tor ptc1. Cichlids continue to add posterior (lingual) rows of teeth
throughout ontogeny and this lingual Hh signaling domain, in
conjunction with pitx2 and BMP, may provide the potential for theinitiation of ﬁrst generation teeth in lingual rows (Fraser et al.,
2008). Notably, there is a second region of shh-expressing epithe-
lium and corresponding ptc1-expressing mesenchyme labial to the
SL (Fig. 2G, H), corresponding to the labial domain of bmp4 noted
above (Fig. 2E). This labial domain of BMP and Hh co-expression is
maintained during subsequent stages of replacement tooth devel-
opment (Fig. 3). As no teeth form labial to the ﬁrst generation
dentition, we explored this cell population as a putative source of
dental potency for replacement.
To do so, we ﬁrst examined expression of Notch signaling
family members. The Notch pathway is involved in the patterning
of teeth (Mitsiadis et al., 2010, 1998, 2005), the stem niche of
mouse incisors (Harada et al., 1999), and the general regulation of
stem cells (Androutsellis-Theotokis et al., 2006). The Notch ligand
Fig. 3. Expression of genes from the BMP (A–C), FGF (D–F), and Hh pathways (G–I) during the differentiation stage of cichlid replacement tooth development. First
generation teeth are outlined in green and replacement dental epithelium in red. Three expression domains are highlighted at this stage; (i) the tooth tip (A, B; yellow
arrowhead), the condensing papilla (A; black arrowhead), and the cervical loops (C; yellow arrow). These are vibratome sections in sagittal plane at 15 mm thickness,
imaged at 63 magniﬁcation. Labial is oriented to the left and oral toward the top of the page. Fishes used in this panel are 15–30 dpf. (A, B, D, F, G, H, I)—Metriaclima
zebra, (C)—Labeotropheus fuelleborni, (E)—Petrotilapia chitimba.
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the SL (Fig. 2J, black arrow) and (ii) the intermediate cells of the SL
(Fig. 2J, blue arrow). These intermediate cells, between IDE and
ODE, will give rise to stellate reticulum-like cells in the differen-
tiated replacement tooth (Fig. 1D–F; Fig. S1). The receptor notch1 is
expressed in the intermediate cells, but not labial to the SL
(Fig. 2K). However, the receptors notch2 and notch3 are active
in both locations during subsequent developmental stages and
rounds of replacement (RFB, unpublished). Next, we examined
activity of the stem cell transcription factor sox2 in the replacing
cichlid dentition. sox2 is expressed in both the labial domain (as
well as lingual to the ﬁrst tooth row) and within the intermediate
cells of the SL (Fig. 2L). Taken together, these patterns of gene co-
expression give an mRNA signature to two distinct populations of
cells (i) labial and superﬁcial to the replacement organ and (ii)
within the intermediate cells of the SL, one or both of which mayenable and maintain continuous de novo dental replacement.
Notably, in reptiles (Handrigan et al., 2010), stem-like cells are
arranged superﬁcially along the non-tooth forming outer layer of
the dental lamina while in zebraﬁsh (Huysseune, 2006; Huysseune
and Thesleff, 2004), intermediate cells between IDE and ODE are
suggested to exhibit stem-like properties.
Gene expression is evolutionarily conserved in replacement tooth
differentiation
Cichlid replacement teeth undergo development within a bony
crypt constantly remodeled to accommodate jaw growth and
dental renewal. The replacement dental organ differentiates in a
series analogous to the bud, cap and bell stages of mammalian
teeth, while remaining connected to oral epithelium by a cord of
cells through the gubernacular canal (Fig. 1). We know very little
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cement teeth in any organism. We thus examined the expression
of genes from ﬁve signaling pathways involved in the develop-
ment and regeneration of vertebrate organs: BMP, FGF, Hh, Notch,
and Wnt/b-catenin.
bmp2 and bmp4 are expressed in both the epithelium and
mesenchyme as the developing tooth transitions from cap to bell
stages (Fig. 3A, B). We observe two centers of expression: one
in dental mesenchyme (black arrowhead) and one at the tip of
developing teeth (yellow arrowheads). While BMPs are expressed
at the oral-most cap and bell stage epithelium, we note a general
absence of activity in the lateral and aboral-most epithelium.
Interestingly, we ﬁnd the BMP antagonist, sostdc (ectodin; wise
(Laurikkala et al., 2003)), expressed in the epithelium where bmp2
and bmp4 are not (Fig. 3C). sostdc expression is strongest in
the intermediate cells between the ODE and IDE of the cap to
bell-stage replacement tooth, and less strong at the cusp tip or
mesenchymal papilla (3C, yellow arrow).
sostdc inﬂuences tooth development by integrating BMP, FGF,
Hh and Wnt pathways (Ahn et al., 2010; Cho et al., 2011; Kassai
et al., 2005; Laurikkala et al., 2003). As cichlid replacement teeth
initiate differentiation, fgf3 and fgf10 are expressed in dental
mesenchyme, and fgf3 is expressed transiently in the aboral
epithelium (Fig. 3D, E). FGF signals induce dlx2 expression in the
zebraﬁsh pharyngeal dentition (Jackman et al., 2004; Stock et al.,
2006). Similarly here, dlx2 is co-expressed with fgf10 in the papilla
throughout the bud to bell stage transition (Fig. 3F). shh tran-
scripts, on the other hand, initiate expression in the invaginated
SL only after the ectomesenchyme condenses, and the bud stage
begins (Figs. 2G; 3G). shh becomes concentrated brieﬂy from the
cap to bell stage at the tooth tip, but later is localized to theFig. 4. Expression of genes from the Notch (A–C) andWnt pathways (D–F) during the di
are outlined in green and replacement dental epithelium in red. Genes expressed i
differentiation stage. These are vibratome sections in sagittal plane at 15 mm thickness, i
the page. Fishes used in this panel are 15–30 dpf. (A, E, F)—Metriaclima zebra, (B)—Mepithelium analogous to mammalian cervical loops (Fig. 5G). As in
the snake (Handrigan and Richman, 2010), the cichlid replace-
ment tooth expresses the receptor ptc1 in both epithelium and
mesenchyme of the differentiating tooth, implying that the mode
of action of Hh signaling is both autocrine and paracrine (Fig. 3H).
eda, a ligand in the ectodysplasin pathway is thought to induce
Hh activity in hair (Pummila et al., 2007), feathers (Houghton
et al., 2005), salivary glands (Ha¨a¨ra¨ et al., 2011), and teeth
(Laurikkala et al., 2001). Here, we observe its expression in the
epithelium of replacement teeth (Fig. 3I). Expression of eda in the
epithelium of cichlid replacement dental organs is notable
because it is restricted to the mesenchyme during initiation of
ﬁrst generation teeth (Fraser et al., 2008).
In mouse incisors, FGF signaling from the mesenchyme main-
tains Notch activity in cervical loop epithelium (Harada et al.,
1999) and presumptive stem cells in the stellate reticulum
(Harada et al., 2002). Consistent with our observations from the
initiation of dental replacement, jag2 and notch1 are expressed in
localized cells of the epithelium and at the tooth tip (Fig. 4A, B,
yellow arrow in B). Because we observed FGF signal in dental
mesenchyme and Notch activity in the epithelium, we evaluated
whether the stem cell marker sox2 was expressed at this stage.
sox2 expression is maintained in the epithelium labial to the
replacement tooth organ and is also observed in discrete epithe-
lial cells favoring the labial side of the tooth (Fig. 4C).
The Wnt/b-catenin pathway is similarly active in differentiat-
ing replacement teeth. We observe lef1 and b-catenin expression
throughout the dental epithelium during the bud to cap transition
(Fig. S2A, B). wnt5a (Fig. 4D) exhibits a local focus of expression at
presumptive tooth tips; in the mouse, this gene is active in dental
epithelium (including enamel knots) as well as in mesenchymefferentiation stage of cichlid replacement tooth development. First generation teeth
n the intermediate cell layer include notch1 (B; yellow arrow) and sox2 (C) at
maged at 63x magniﬁcation. Labial is oriented to the left and oral toward the top of
chenga conophoros, (C)—Petrotilapia chitimba, (D)—Labeotropheus fuelleborni.
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mesenchyme (Fig. 4E). In the mouse dentition, Pitx2 and b-catenin
directly interact to regulate Lef1 (Vadlamudi et al., 2005). Here,
pitx2 marks a distinct set of labial epithelial cells that connect
the oral epithelium to the replacement tooth (Fig. 4F). Overall,
the molecular events that choreograph the progression from
dental bud to bell stage tooth development are highly conserved
between single generation mouse teeth and the continuously
replacing cichlid dentition. Conservation of the genetic toolkit for
individual tooth differentiation is particularly notable in this
context of continuous one-for-one dental replacement.
Gene expression domains sharpen during secretion stage
By secretion stage, the replacement organ has begun to deposit
hard tissues and nears eruption (Fig. 1G–I). We observe the sameFig. 5. Expression of genes from the BMP (A–C), FGF (D–F), and Hh pathways (G–I) d
outer dental epithelium is outlined in red. These are vibratome sections in sagittal plane
oral toward the top of the page. Fishes used in this panel are 15–30 dpf. (A, D, F,
(E)—Petrotilapia chitimba.set of pathways active in replacement teeth at this stage, although
expression domains for certain molecules have shifted with tooth
maturation. bmp4 and bmp2 are expressed in the replacement
organ at the tooth tip and the dental papilla (Fig. 5A, B) but are
nearly absent from the putative cervical loops; sostdc is expressed
in these cervical loops as well as a region far oral to the bmp4-
positive tooth tip (Fig. 5C). This complimentary pattern of
expression between signal and antagonist is also observed for
members of the FGF pathway. fgf3 is expressed in the epithelium,
including the tooth tip, and the dental papilla (Fig. 5D), but is
absent from the aboral-most cervical loops; fgf10 is strongly
expressed in the papilla (Fig. 5E); the receptor fgfr2, which trans-
duces FGF signal in teeth (Parsa et al., 2010), is active throughout
(Fig. S3A). The FGF inhibitor spry4 (Boran et al., 2009; Charles
et al., 2011) is concentrated along the cervical loop epithelium,
also expressed in the dental papilla (Fig. S3B).uring the secretion stage of cichlid replacement tooth development. Replacement
at 15 mm thickness, imaged at 63x magniﬁcation. Labial is oriented to the left and
G, I)—Metriaclima zebra, (B, H)—Cynotilapia afra, (C)—Labeotropheus fuelleborni,
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expressed through the sequence of replacement tooth develop-
ment. shh is initially absent from the invaginating SL (Fig. 2G),
then is active throughout the bud to bell stage epithelium (Fig. 3).
At mature stages of replacement tooth morphogenesis, shh is
strongly localized to the basal cervical loops (Fig. 5G). The recep-
tors ptc1 (epithelium and mesenchyme, Figs. 2H, 3H) and ptc2
(mesenchyme only), as well as the Hh activator eda, are likewise
conﬁned to cervical loop epithelium and contact mesenchyme
(Fig. 5H, I; Fig. S3C). These aboral domains of activity for the Hh
pathway are similar to observations from mouse incisors, where
Hh is required for the differentiation of ameloblasts from dental
stem cells within the stellate reticulum (Parsa et al., 2010).
In contrast to the changing patterns of activity exhibited by Hh,
molecules in the Notch pathway are consistently expressed across
the stages of replacement tooth development, localized to the
intermediate stellate reticulum-like cells between IDE and ODE,
as well as at the tooth tips (Fig. 6A, B).
We note an intriguing and strong bias in the expression of
follistatin (fst) during the ﬁnal stage of replacement tooth develop-
ment. Fst is expressed with a lingual bias in mouse incisors where,
by antagonizing BMP activity, it contributes to the reduction in
enamel-secreting ameloblasts on the lingual surface (Wang et al.,
2004). Cichlids, however, express fst with a labial bias overlapping
Notch-expressing intermediate cells (Fig. 6C). Such biases might
contribute to asymmetries in cell proliferation and differentiation
to give cichlid teeth their characteristic slight lingual curvature
(Fig. 1), but the molecular mechanism would then be distinct from
that explaining the same curve of mouse incisors.
wnt5a and wnt10a continue to be expressed at the tooth tip
(Fig. 6D) and the dental papilla (Fig. 6E), as in earlier stages and
pitx2 maintains expression linking the dental epithelium of theFig. 6. Expression of genes from the Notch (A–C) and Wnt pathways (D–F) during the se
epithelium is outlined in red. These are vibratome sections in sagittal plane at 15 mm th
the top of the page. Fishes used in this panel are 15–30 dpf. (A, F)—Metriaclima zebrareplacement organ to the oral epithelium (Fig. 6F). lef1 expression
spans the epithelium and mesenchyme of the replacement tooth
unit (Fig. S3D). Notably, axin2, an effector of Wnt/b-catenin
signaling, is active in dental mesenchyme, as well as dental
epithelium including the cervical loops and the intermediate
cells between IDE and ODE (Fig. S3E). This is in contrast to
mouse incisors, where Axin2 is only weakly expressed in cervical
loop epithelium and is absent from the stellate reticulum
(Suomalainen and Thesleff, 2010). Irx family members irx1b (not
shown) and irx2 also localize to the cervical loop domains during
late replacement tooth morphogenesis (Fig. S3F).
The data presented here in conjunction with previous reports of
cichlid tooth initiation (Fraser et al., 2008, 2009) demonstrate that
ﬁve signaling pathways (BMP, FGF, Hh, Notch, Wnt/b-catenin)
are sequentially active in speciﬁc cell populations (the SL as an
extension of oral epithelium, the tooth tip, the dental papilla, and
intermediate cells of the cervical loops) during the process of
replacement tooth development. It is likely that the signaling
pathways we highlight (i) set the precise dental pattern (the size
and spacing of teeth, (Fraser et al., 2008)), (ii) requisition one-for-
one replacement, which maintains that pattern, and (iii) build
the tooth organ for every new generation. The spatial domains
of pathway gene co- and complementary expression are thus
presumed to conﬁne odontogenesis to precise locations and to
accurately reset the process of tooth development for regeneration.
Treatment with small molecules affects replacement and shape
Cichlids replace (shaped) teeth in one-for-one fashion, using a
set of common signaling pathways throughout (Figs. 2–6). The
spatial proximity of patterned tooth families and the temporal
continuity of morphogenesis plus regeneration suggest to us thatcretion stage of cichlid replacement tooth development. Replacement outer dental
ickness, imaged at 63x magniﬁcation. Labial is oriented to the left and oral toward
, (B)—Cynotilapia afra, (C)—Petrotilapia chitimba, (D, E)—Labeotropheus fuelleborni.
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that manipulation of key pathways should result in altered
replacement and shape phenotypes. To test this prediction, we
exposed cichlid individuals to temporally precise, non-lethal
doses of small molecules known to agonize or antagonize the
BMP, FGF, Hh, Notch and Wnt/b-catenin pathways.
A typical treatment experiment involved (i) culture of replicate
cichlid juveniles at the appropriate stage (e.g., 40–100 dpf) in ﬁsh
water with the small molecule or delivery control (1% DMSO) for
24 h, (ii) a 14-day recovery period under standard conditions and
(iii) ﬁnally, sacriﬁce for phenotypic analysis (see Materials and
methods). There are two major advantages of this approach in
the cichlid system. First, treatment over such a brief temporal
window will affect only those teeth at sensitive stages of devel-
opment; there are thus ‘control’ individuals that did not receive
small molecule baths, as well as ‘control’ teeth in the jaws
of experimental animals. Second, non-lethal in vivo treatment,
subsequent growth in ﬁsh water and post-sacriﬁce clearing and
staining with Alizarin red allows us to examine the presence or
absence of replacement teeth in the jaw’s bony crypt, as well as
additional effects of treatment (i.e., jaw hypertrophy) that might
inﬂuence tooth development. A general caveat holds for all of
these experiments; effects differ depending upon the duration
and concentration of the dose applied.
Manipulation of two of the ﬁve signaling pathways did not
affect cichlid tooth replacement. Treatment with the Hh antago-
nist cyclopamine strongly disrupts the patterning of the cichlid
dentition when administered during the initiation of ﬁrst genera-
tion teeth (Fraser et al., 2008) but does not interfere with dental
replacement in snakes and lizards (Handrigan and Richman,
2010). Our results are similar here upon treatment at tooth
replacement stages; cyclopamine (25 mm) affects the shaping
and morphogenesis of teeth (below), but does not abrogate the
replacement process (Table 1). This is consistent with our gene
expression data (Figs. 2, 3, 5) wherein Hh molecules are not active
in the replacement tooth until differentiation begins. Treatment
with the FGF antagonist SU5402 does not interfere with the
production of replacement teeth per se (we observe replacement
tooth development deep to the predecessor), but seems to
interfere in some animals with the process of functional tooth
shedding, thus an indirect effect on replacement (Table 1).
In some tooth positions in treated animals, we noted that func-
tional teeth were elongated and that bony crypt morphology
was disrupted, perhaps the result of jaw hypertrophy (data not
shown).
Small molecules targeting any of three pathways, BMP,
Notch and Wnt/b-catenin, affected the process of cichlid toothTable 1
Effective non-lethal doses of small molecules are arranged in rows. 1A: Numbers o
LF, Labeotropheus fuelleborni; PL, Pseudotropheus lombardoi; PT, Petrotilapia tridentiger. 1
deviations (SD) of both affected and total teeth are presented. Phenotypes are reporte
elicited multiple phenotypes in a dose dependent manner. NB, unaffected individuals d
the same chemicals at the same time as their affected siblings. A single animal may h
Chemical Concentration Affect/Treat—Brood Affect/Treat—Individual
DAPT 100 mM 5/6 6/11
DAPT 75 mM 5/5 9/10
DAPT 50 mM 3/3 9/9
DAPT 40 mM 2/2 3/3
Dorsomorphin 1.0 mM 1/1 3/3
Dorsomorphin 0.5 mM 6/6 12/14
Cyclopamine 25 mM 4/5 7/9
LiCl 250 mM 5/5 10/10
LiCl 500 mM 2/2 4/4
SU5402 50 mM 2/2 5/5replacement. Treatment with the BMP antagonist dorsomorphin
(BML-275), at 1 mM concentration, results in tooth positions that
do not undergo natural replacement on both upper and lower
jaws (Fig. 7A–C; Table 1). Furthermore, there is no evidence of
replacement teeth (at any stage of development) in the under-
lying bony crypt of affected positions. Dorsomorphin exposure
thus has a major effect on the replacement dentition and uniquely
(among our treatments) perturbs adjacent tooth positions. We
also observed a replacement phenotype after DAPT exposure
(100 mM), which inhibits the Notch signaling pathway. Treatment
with DAPT produces a number of tooth positions that lack
replacements (at any developmental stage) across multiple tooth
rows (Fig. 7D–F). Notably, this manipulation differs from treat-
ment of the BMP pathway in that the disrupted tooth families
tend not to be nearest neighbors, and are mirrored across the
jaw symphysis. Lastly, treatment with LiCl, an agonist of Wnt/
b-catenin signaling, has only modest effects on tooth replacement
at low concentration (0.25 mM; Table 1), but results in cusp
and replacement phenotypes at higher (0.5 mM) concentration
(Fig. 7G–I and below). This regeneration phenotype is intriguing
because it is not a complete knockout of the replacement tooth
unit. Rather, treatment appears to affect the rate and/or timing of
replacement cycles, such that the phasing of tooth replacement in
even vs. odd positions and across the symphysis is disrupted,
compared to control. Together, these experiments demonstrate
that the BMP, Notch and Wnt/b-catenin pathways are necessary
for the proper initiation, rate and/or timing of continuous tooth
replacement cycles in cichlid ﬁshes. Given the expression of
molecules from these pathways at early stages (Figs. 2–4), our
treatments have likely affected the invagination or potency of the
epithelial SL and/or the responsive mesenchyme that facilitates
dental replacement. We have yet to conduct molecular analysis
of treated morphants; therefore effects from individual small
molecules might be the indirect result of interactions between
BMP, Notch and Wnt/b-catenin pathways, well known from
other systems (Mitsiadis et al., 2010; Mustonen et al., 2002;
Plikus et al., 2008).
Notably, manipulation of all ﬁve signaling pathways for brief
durations, and typically lower concentrations, produced tooth
shape phenotypes (Fig. 8; Table 1). For instance, treatment with
0.5 mM dorsomorphin (BMP antagonist) results in transformation
of outer row bicuspid to tricuspid teeth in Pseudotropheus lom-
bardoi (Fig. 8C,D). Similarly, treatment with 50 mM SU5402
(antagonist of FGF signaling) results in triscuspid teeth in bicuspid
ﬁrst-row positions ofMetriaclima zebra (Fig. 8E,F). Thus, inhibition
of both BMP and FGF pathways affects bicuspid teeth in
the same way—through the addition of a medial cusp. Treatmentf affected and treated cichlid broods and species used; MZ, Metriaclima zebra;
B: Phenotypes are recorded with respect to numbers of teeth; mean and standard
d as having an effect on shape (S) and/or replacement (R). Higher concentrations
eveloped complete dentitions with no patterning defects despite being exposed to
ave more than one phenotype.
Species Mean tooth no.
affected/individual
Mean tooth no.
Total/individual
% Affected phenotype
LF; MZ; PT 2.5 (SD 1.77) 10.0 (SD 2.80) R/S–35/65%
LF; MZ; PT 4.75 (SD 2.42) 9.0 (SD 2.49) R/S–22/78%
LF; MZ 6.25 (SD 2.05) 9.67 (SD 1.30) S–100%
MZ 4.5 (SD 1.38) 9.5 (SD 0.84) S–100%
PL 4.0 (SD 2.94) 10.5 (SD 4.04) R/S–21/79%
PL 4.07 (SD 1.62) 10.07 (SD 2.12) R/S–3/97%
LF; MZ; PT 4.44 (SD 2.04) 9.28 (SD 2.19) S–100%
LF; MZ 3.15 (SD 1.07) 8.69 (SD 1.97) R/S–10/90%
LF 5.0 (SD 0.89) 8.33 (SD 0.52) R/S–37/63%
MZ 3.5 (SD 1.51) 8.57 (SD 2.82) R/S–14/86%
Fig. 7. Small molecules targeting the BMP, Notch and Wnt/b-catenin pathways modulate tooth regeneration. We present dorsal views of Alizarin red stained upper (A–B)
and lower (D–E, G–H) oral jaws from a variety of Malawi cichlid species. All individuals received small molecule treatments or vehicle controls for 24 h, followed by 14
days of recovery in ﬁsh water prior to sacriﬁce and analysis. (A–B) Pseudotropheus lombardoi, 100 dpf at the start of treatment. (D–E) and (G–H) Labeotropheus fuelleborni,
40 dpf at the start of treatment. A, D and G are vehicle controls and show the normal tooth formula. In (B), after treatment with the BMP pathway inhibitor BML275
(dorsomorphin, 1 mM), teeth from positions 1–4 of the ﬁrst row, right quadrant and position 1, left quadrant, are not replaced; black arrow indicates the symphysis of the
upper jaw. E, after treatment with the Notch pathway inhibitor DAPT (100 mM), teeth from positions 1, 2, and 4 of the ﬁrst row (right quadrant) and tooth positions 2 and 7
(left quadrant) are not replaced. White circles show bony crypt space deep to functional teeth, with a replacement tooth present in the left circle and absent at right.
(H) after treatment with the Wnt/b-catenin pathway agonist, LiCl (0.5 mM), teeth in multiple positions are delayed in eruption (red circle in I) and/or are out of phase in
the replacement cycle (white arrowheads). Red circle in (I) refers to the white arrowhead positions (in H) showing functional positions without teeth; however tooth
replacements are present in the crypts—hence a delay to the replacement process rather than a loss of tooth positions. Colors in schematics (C, F, and I): red¼enameloid;
blue¼dentine; gray¼bony crypt.
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effect on tooth morphogenesis in Petrotilapia tridentiger
(Fig. 8G,H), a species with an exclusively tricuspid dentition.
Inhibition of Hh signaling interferes with natural cusp formation,
resulting in teeth with no cusps, unevenly patterned enameloid,
and even an unusual four-cusp phenotype (not shown). The
variation in shape phenotypes after cyclopamine treatment
matches the dynamic patterns of Hh gene expression during
replacement tooth development (Figs. 2, 3, 5). Treatment with
DAPT, a Notch antagonist, impacts cusp development in Labeo-
tropheus fuelleborni, a species with tricuspid teeth (Fig. 8I, J). We
observe mineralization defects in both the dentine and enameloid
of lateral and central tooth cusps, implying that Notch signaling is
essential for correct hard-tissue biogenesis and cusp formation.
Similar mineralization defects are observed in ﬁshes treated with
the Wnt/b-catenin agonist LiCl (Fig. 8K, L). Small-molecule treat-
ment effects on replacement as well as shape (i) are reproducible
in replicate individuals and experiments across multiple broods of
different species (Table 1) and (ii) are often matched in upper and
lower jaws and on each side of the symphysis. Such replacement
phenotypes and shape transformations have not been observed in
healthy ﬁshes from natural populations (Streelman et al., 2007).
Our in vivo manipulations demonstrate an essential role for these
ﬁve signaling pathways in the proper morphogenesis and shaping
of cichlid teeth. Particularly exciting are treatments of the BMPand FGF pathways that transform tooth type from bicuspid to
tricuspid, mimicking ecologically relevant differences among
closely related species (Fraser et al., 2008; Streelman and
Albertson, 2006; Streelman et al., 2003). Taken together, these
experiments (Figs. 7 and 8) provide evidence for a model linking
tooth morphogenesis to tooth replacement through the function
of key signaling pathways.Discussion
The cichlid dentition integrates tooth replacement and shape
The ‘homeobox code’ for the mammalian dentition posits that
tooth shape is the product of linear position along the jaw margin
(Sharpe, 1995; Tucker and Sharpe, 2004). Mouse teeth represent
the extreme condition of this general model, wherein only incisors
and molars develop under distinct gradients of BMP-Msx and
FGF-Barx1, respectively. In the mouse (and more generally the
mammalian) dentition, molars undergo complex morphogenesis
and develop cusps, which are absent and perhaps suppressed
(Ohazama et al., 2010) from incisors. Mouse incisors, by contrast,
exhibit enamel renewal via a labial stem cell niche. Thus for the
mouse model, the phenomena of (i) complex cusp development
and (ii) stem-based (self-)renewal are decoupled in space and in
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binary rules. For instance, cichlid teeth are shaped through rounds
of replacement (all ﬁrst generation teeth are conical) such that
tricuspid teeth may replace unicuspid teeth in the same jawposition (Streelman et al., 2003). Once adult tooth shapes are
present, tooth replacement continues through ontogeny, main-
taining shape and pattern ﬁdelity. Tooth shape therefore is not
correlated with position within a row and teeth with complex
shapes undergo regeneration. The key ﬁnding from this study is
that common signaling pathways are active and essential during
the coupled phenomena of replacement and morphogenesis of
cichlid dentitions, forcing us to think differently about the inte-
gration of these processes in odontogenesis (Jernvall and Thesleff,
2012). Our data inspire a model implicating speciﬁc signaling
pathways (BMP, FGF, Hh, Notch, Wnt/b-catenin) in the process of
cichlid tooth regeneration, explicitly coupled to tooth morpho-
genesis and shape. Genes from these families are sequentially
co- and complimentarily expressed in spatial domains throughout
tooth development and replacement. Our model posits a mechan-
istic connection between replacement and shape, as these signal-
ing pathways likely mediate proliferation and differentiation at
both the tooth tips and in presumed stem cell populations for
renewal (Fig. 9).
Cichlid teeth retain the capacity for lifelong de novo renewal.
Our data suggest that at least two cellular domains may be
important for tooth replacement. The ﬁrst is similar in location
to that housing putative stem-like cells in the zebraﬁsh (Handrigan
et al., 2010; Huysseune, 2006; Huysseune and Thesleff, 2004).
These cells are found in an intermediate layer between IDE
and ODE that may be analogous to the stellate reticulum of
mouse incisor cervical loops. These intermediate cells in cichlids
co-express a common set of markers throughout replacement
tooth development: sostdc, an inhibitor of BMP expression;
Notch pathway ligands and receptors; b-catenin, and the stem
transcription factor sox2. Molecules active at discrete, later stages
of tooth replacement in the intermediate cells include spry4, an
inhibitor of FGF signaling, shh, fst and axin2. A second population
of cells that may contribute stem potential to tooth replacement
in cichlids is the labial oral epithelium, superﬁcial to each
invaginating SL. This epithelium co-expresses shh, Notch pathway
ligands and receptors, b-catenin and sox2 throughout the stages of
replacement tooth development; as noted, this labial epithelial
domain is matched with mesenchymal expression of ptc1 and
bmp4. In reptiles, stem-like cells are located superﬁcially, along
the non-tooth forming regions of the dental lamina (Handrigan
et al., 2010). It is notable that the pathways (BMP, Notch and
Wnt/b-catenin) active throughout cichlid tooth development in
both of these domains are those where small molecule manipula-
tion elicit the strongest tooth replacement phenotypes (Fig. 7,
Table 1). Our immunohistochemical, gene expression and small
molecule experiments do not deﬁnitively prove that either of
these cell populations contains dental stem cells. Yet, based onFig. 8. Small molecules targeting ﬁve signaling pathways modulate tooth shape.
Control bicuspid (A–A0; Metriaclima zebra) and tricuspid (B–B0; Labeotropheus
fuelleborni) dentitions are shown above the solid black line and small molecule
treated dentitions are indicated below. All individuals received small molecule
treatments or vehicle controls for 24 h, followed by 14 days of recovery in ﬁsh
water prior to sacriﬁce and analysis. (C) BML275 treatment, (dorsomorphin, BMP
inhibitor, 0.5 mM) results in transformation of bicuspid to tricuspid teeth
(Metriaclima zebra). (E) Similarly, treatment with the FGF inhibitor SU5402
(50 mM) transforms teeth from bicuspid to tricuspid (Metriaclima zebra). In each
of these cases, ‘control’ bicuspid teeth are present next to those sensitive to the
temporal window of small molecule application. (G) Treatment with cyclopamine
(Hh antagonist, 25 mM) elicits numerous effects on shape, primarily through
variation in enameloid patterning (arrows and arrowheads; Petrotilapia tridentiger).
(I) Inhibition of the Notch pathway with DAPT (25 mM) affects cusp development
and mineralization (arrowheads; Labeotropheus fuelleborni). (K) Treatment with
the Wnt/b-catenin agonist LiCl (0.25 mM and 0.5 mM) results in mineralization
defects with increasing dose (Labeotropheus fuelleborni). Colors in schematics
(D, F, H, J, L): red¼enameloid; blue¼dentine; gray¼bony crypt. Mineralization
defects are inferred in treated individuals when the dentine (alizarin red stained)
and/or the enameloid (yellow-orange color from Fe deposition) are abnormal,
compared to controls.
Fig. 9. Cichlid teeth integrate tooth shape and lifelong regeneration, a linkage lost in mammals. Cichlid dental organs simultaneously coordinate shape morphogenesis and
regeneration developmental programs, in the same tooth position (also Fig. 1 schematic). This is achieved via tight control of gene co-expression in zones of differentiation
and zones of renewal. We identify cell populations and putative signaling centers that may regulate cichlid tooth shape and regeneration (A1–4), including (i) a population
of epithelial cells (black) labial to the predecessor tooth superﬁcial to the sucessional lamina of the replacement organ (gray arrow), (ii) cells of the intermediate layer
between IDE and ODE (purple), (iii) cervical loop regions (blue), (iv) dental papilla (green) and (v) putative enameloid knots at the tips of teeth (pink). These cellular
domains and putative signaling centers are color-coded based on empirical measure of gene co-expression (Figs. 2–7). In B, we show comparable gene activity in mouse
incisors (Felszeghy et al., 2010; Harada et al., 1999, 2002; Jernvall and Thesleff, 2012; Wang et al., 2007, 2004) capable of self-renewal and mouse molars (Jernvall et al.,
2000, 1994; Kettunen et al., 2000; Zhang et al., 2012) that develop complex 3D shapes. Throughout, tooth tissue colors are as in Fig. 1.
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these cellular domains with respect to regenerating dental organs
in other species, it is tempting to speculate that each of these
populations contributes to and/or regulates the stem niche for
cichlid tooth replacement (Fig. 9).
Cichlid teeth are shaped as they are replaced. First generation
teeth are conical; generally, the ﬁrst shaped replacement teeth
have sharper cusps and more rapid replacement cycles than those
that follow (Streelman et al., 2003). Once adult tooth shape
is reached, teeth continue to be replaced with shape ﬁdelity,
roughly every 30–100 days. This means that the molecular signals
that determine tooth shape do so later in the life of an individual
cichlid than say, in the life of an individual mouse, whose ﬁrst and
only set of molars are shaped during embryogenesis. Two aspects
of tooth shape are relevant given the diversity among cichlid
species and the data we report here. The ﬁrst is the degree of
lingual curvature of the tooth, taken to the extreme in some algal
brushing species that exhibit a near 901 angle between the long
and ﬂexible tooth ‘stalk’ and the multicuspid ‘brush’ at the tip
(Fryer and Illes, 1972). We note from our histological data that
cichlid replacement teeth begin as a downward extension of the
SL on the labial side of the functional tooth, and that a labial bias
in cell proliferation persists into hard tissue secreting stages
(Fig. 1). Both the labial and lingual surfaces of cichlid teeth are
covered with enameloid, but a slight bias in the production and
proliferation of ameloblasts on the labial side might be facilitated
by slight differences in molecular signaling in the labial vs. lingual
cervical loops. BMPs and FGFs seem to be largely absent from
both cervical loop locations while the Hh, Notch and Wnt/b-
catenin pathways are active. We observe a striking labial bias in
the expression of fst that might contribute to different rates of
ameloblast production and/or proliferation on the labial surface;
this is a prime focus of future research because the bias is
opposite that observed in mouse incisors (Wang et al., 2007).
The second relevant aspect of tooth shape is the number of
cusps on each tooth, which in cichlids ranges from one to three
with dramatic variation in the relative size and pattering of
individual cusps (Fryer and Illes, 1972; Streelman et al., 2003).Our data from ISH and small molecule treatments illustrate that
(i) genes from all ﬁve pathways studied are active in putative
signaling centers associated with cusp morphogenesis and
(ii) manipulation of these pathways, individually, is sufﬁcient to
modulate shape. Strikingly, we observe a suite of molecules
(bmp2/4, fgf3, shh, Notch ligands and receptors, wnt5a) active at
the tooth tip in expression foci with similarity to mammal enamel
knots (Jernvall et al., 1994). We suggest then that ﬁshes (and
perhaps all vertebrates with complex cusp shapes) possess
primitive enamel knot-like signaling centers that function to
control cusp number, sharpness and size.
One-for-one replacement of a complex dentition requires
simultaneous activation of molecular programs for morphogen-
esis and regeneration within the same tooth. Our analysis has
focused on speciﬁc cell populations and putative signaling centers
that co- and sequentially express stem and dental markers
because it is likely that the spatio-temporal complementarity of
gene activity is what allows a dental organ to tune proliferation,
growth and differentiation all at once. In this sense, the coordina-
tion of these processes may depend as much on excluding
molecular signals from a speciﬁc domain at a speciﬁc time as it
does on the integration of signaling. Our data may be particularly
useful in understanding how this segregation of gene expression
is regulated in space and time. For instance, shh expression is
absent from the initial downgrowth of the SL; this observation is
consistent with data from other bony ﬁshes and reptiles (Fraser
et al., 2006; Handrigan et al., 2010). We observe the expression of
irx1b, a known mediator of Wnt signaling, antagonist of shh in the
embryonic forebrain (Houweling et al., 2001; Scholpp et al., 2007,
2006; Sylvester et al., 2010), and antagonist of Bmp4 at gastrula-
tion (Gomez-Skarmeta et al., 2001), in the aboral-most epithelium
of the SL invagination. The irx1/2 genes are later active in the
cervical loop regions, this time co-expressed with Hh molecules
and complementarily expressed with bmp2/4. Irx molecules have
been noted in mouse teeth, but function is unknown (Ferguson
et al., 2001). Our data suggest that these transcription factors may
couple signals from the BMP, Hh and Wnt pathways and may be
important negative regulators of Hh in the early SL. Similarly, osr2
G.J. Fraser et al. / Developmental Biology 377 (2013) 399–414412is expressed with a complementary pattern to bmp4 at the
initiation of primary replacement and may facilitate delineation
of odontogenic cell populations across the jaw. At later stages of
replacement tooth development, genes from the BMP and FGF
pathway are invariably conﬁned to activity in the dental papilla
and the putative enameloid-knot signaling centers at the tooth
tip, and in particular are largely absent from the cervical loops
and intermediate cells between IDE and ODE. We observe
antagonists in each of these pathways (sostdc, spry4) expressed
precisely in those cells where BMPs and FGFs are absent. Taken
together, our data suggest that cichlid dental organs integrate
shape and replacement by sometimes combining and other times
segregating differentiation signals (BMPs, FGFs, Hh) from renewal
and regeneration signals (Notch, Wnt, sox2), with temporal and
spatial precision. It is likely that these interactions, necessary to
pattern regenerating dentitions with complex shapes, preﬁgure
the molecular programs found within multicuspid molars and
self-renewing incisors (Fig. 9) (Jernvall and Thesleff, 2012). We
speculate that the difference between organisms with lifelong
regeneration of complex dentitions (i.e., cichlids, reptiles) and
those without (e.g., mammals) lies in the continued maintenance
and repeated activation of stem-like cells in positions superﬁcial
to successional lamina (Handrigan et al., 2010).
Stem cells and programmed evolvability of patterned elements
The majority of patterned dentitions in the long evolutionary
history of vertebrates have been capable of continuous replace-
ment (Huysseune and Thesleff, 2004), and yet we do not under-
stand for any dentition how the processes of patterning,
morphogenesis and regeneration are integrated in space and
time. From ﬁrst principles, we see that the replacement of
dentitions de novo in a one-for-one fashion, while maintaining
shape ﬁdelity of individual units and inter-unit pattern, requires
(i) signals of dental competence to specify tooth vs. non-tooth, (ii)
a morphogenesis program that can be recruited again and again
within a tooth family, (iii) signals of renewal that can provide cell
potency, and (iv) a clock mechanism to coordinate timing. Our
study addresses the ﬁrst three of these a priori requirements.
Cichlid teeth carry out largely conserved morphogenesis pro-
grams coupled to regeneration via the co- and complementary
expression of key signaling molecules (Fig. 9). Notable among
these signals of cell potency is the transcription factor sox2 that,
among other functions, acts to maintain the undifferentiated stem
state in embryonic and adult stem cells (Avilion et al., 2003) and
speciﬁcally marks stem cells of the mouse incisor (Juuri et al.,
2012). We observe sox2 expression in two cellular domains that
may mark the location of stem-like for cichlid tooth replacement.
One of these domains shares anatomical features with dental
stellate reticulum-like cells in other vertebrates. The second
domain, labial to tooth rows, is particularly interesting because
it may shuttle cells to the developing tooth unit (Fig. 9). A recent
report of SOX2 anophthalmia syndrome in humans documented
multiple dental phenotypes including supernumerary impacted
teeth and the persistence of deciduous teeth (Numakura et al.,
2010). It is likely then that sox2/Sox2/SOX2 plays (and has
played) a central role in tooth replacement across vertebrates.
It is not clear what factors contributed to evolutionary mod-
iﬁcations of the dentition in mammals, including the reduction in
tooth number, tooth rows and lifelong replacement cycles. What
is clear, however, is that this latter contingency has constrained
the plasticity of mammalian teeth over an individual’s ontogeny
(particularly so for molars) and has limited the developmental
window available for evolutionary tinkering over a lineage’s
phylogeny. The recently noted ‘difﬁculty of increasing dental
complexity’ in mammals (Harjunmaa et al., 2012) may be a directresult of this constraint. By contrast, we suggest that the pheno-
typic plasticity and dramatic shape diversity observed in cichlid
teeth is facilitated by the potential for evolvability afforded by
lifelong replacement. It is particularly this feature of cichlid teeth,
the simultaneous integration of morphogenesis and regeneration
programs, which might galvanize bio-inspired advancement in
the ﬁeld of regenerative dentistry.Acknowledgments
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